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Abstract 
The elemental content of differentiating 
chondrocytes in situ and in vitro was studied by 
X-ray microanalysis. The in situ studies were 
carried out on semi-thick-cryosections and on 
thin sections of freeze-dried low-temperature 
vacuum-embedded rat rib growth plate. Resting, 
proliferative, and hypertrophic cells were 
analyzed separately. The in vitro studies were 
carried out on cultured cell fractions isolated 
from rat rib growth plate. The cell fractions 
were relatively homogeneous and contained resting 
- early prolifer~tive, proliferative or hyper-
trophic cells, respectively. Data from cells in 
vitro are generally not comparable to data 
obtained from cells in situ. Chondrocytes in situ 
contain relatively high levels of Na, which is 
probably due to: (1) high Na levels in the carti-
lage matrix formed intracellularly, and ( 2) low 
supply of oxygen and nutrients. High Na levels in 
( some of) the proliferative cells may also be 
related to mitotic activity. The chondrocyte 
matrix contains relatively high levels of K. The 
data in the present study are compared to those 
of previous studies on the elemental content of 
chondrocytes. 
Key Words: cartilage, chondrocytes, differen-
tiation, proteoglycans, isolated cells, cell 
culture, freeze-dried embedded specimens, Lowi-
cryl, X-ray microanalysis. 
*Address for correspondence: 
Joanna Wroblewski, Department of Medical Cell 
Biology, Medical Nobel Institute, Karolinska 
Institutet, Box 60400, S-10401 Stockholm, Sweden. 
Phone No. (+46)-8-340560 ext. 1438 
1103 
Introduction 
The rib growth plate cartilage, which has 
been used in the present investigation, has a 
histological appearance similar to that of the 
epiphyseal cartilage of long bones. It can be 
divided into four zones: ( 1) the germinative or 
resting zone, (2) the proliferative zone, (3) the 
hypertrophic zone, and (4) the zone of calcifi-
cation, where degenerating cells predominate. In 
the resting zone, the cells are immature, small 
and rounded to flat in shape. The cellular 
element is relatively sparse. In the prolifera-
tive zone larger chondrocytes occur in groups. 
Proliferative cells contain relatively much rough 
endoplasmic reticulum, Golgi apparatus, and 
secretory granules, while the larger hypertrophic 
and degenerating cells have lipid droplets, 
swollen cisternae of endoplasmic reticulum, and 
numerous vacuoles (Akisaka and Shigenaga 1983). 
No blood vessels or nerves are present in the 
growth plate cartilage. 
The extracellular matrix in the rib growth 
plates is composed of collagen type II, which 
forms a network of fibrils, and proteoglycans. It 
is the high concentration of negatively charged 
groups (sulfate and carboxyl) in the proteo-
glycans that is responsible for the ability of 
the matrix to bind a considerable amount of 
water, and thereby give the cartilage its resi-
lience. Both collagen and proteoglycans are 
synthesized by the chondrocytes. 
The majority of X-ray microanalytical 
studies conducted on cartilage have focused on 
the mechanism of biological mineralization (Ali 
et al. 1978, Althoff et al. 1982, Barckhaus and 
Rohling 1978, Landis and Glimcher 1982, Mitchell 
et al. 1982, Morris et al. 1983, Appleton et al. 
1985, Appleton 1987, Barckhaus et al . 1985, 
Hargest et al. 1985a). 
In recent years evidence has accumulated 
that exposure of the tissue sample to conven-
tionally used fixatives, buffers, stains or 
water, leads to redistribution and/or loss of 
ions (Morgan 1979) . Therefore, only with the 
introduction of anhydrous cryotechniques meaning-
ful applications of X-ray microanalysis in the 
studies of cartilage appeared in the literature. 
Only in a few of these investigations , thin, 
unstained cryosections of cryofixed cartilage 
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were used (Ali et al. 1978 , Landis and Glimcher 
1982 , Hargest et al. 1985a). Most studies have 
centered on cartilage matrix and the occurrence 
and role of mitochondrial dense granules, while 
little attention was paid to the elemental 
changes that occur in the process of chondrocyte 
differentiation. To our knowledge , no investiga-
tions of changes associated with chondrocyte 
differentiation and proliferation, e.g ., transi -
tion from the resting to the proliferative state, 
have been reported in the literature . 
The interest in the role of ions in the 
control of cell reproduction has increased in the 
last decade. Changes in the intracellular concen-
tration of ions evoke a cascade of cellular 
events . Transmembrane signaling by+gr1wth factors 
often involves activation of Na /H exchangei 
resulting in an increase in the intracellular Na 
concentration . Some events in the r 2~ulation of 
cell reproduction are mediated by Ca which can 
be mobilized from the intracellular stores 
(Berridge and Irvine 1984). 
X- ray microanalytical studies of the elemen-
tal concentrations in relation to cell reproduc-
tion in normal and in cancer cells ( Cameron and 
Smith 1980) clearly demonstrate that also eleva-
ted K and Mg concentrations can be associated 
with the initiation and the maintenance of high 
mitotic activity in non tumor cells , e.g., in the 
keratinocytes in psoriatic skin (Grundin et al . 
1985). Different ionic changes, dependent on 
stimuli, can be detected in different cell types 
by X- ray microanalysis. 
The aim of this study was to investigate 
elemental changes during the differentiation 
process in chondrocytes. Differences between 
cells in various stages of differentiation were 
investigated on growth plate cartilage in situ 
and on cell fractions from rat rib growth plate 
obtained by centrifugation of isolated cells in a 
Percell step-gradient (Pawlowski et al . 1986). 
Materials and Methods 
In this study, 4-5 week old male Sprague-
Dawley rats were used. The animals were killed · 
with an overdose of sodium pentobarbital. For in 
vivo studies, growth plates were dissected from 
costal cartilage within 30 sand frozen in liquid 
nitrogen (LN
2
) (for subsequent cryosectioning) or 
in LN
2
- cooled ethane (for freeze - drying and 
vacuum embedding). For in vitro studies, chondro-
cytes from rat rib growth plates were after 
careful removal of adhering tissues isolated as 
follows: Predigestion in O. 1 % collagenase 
dissolved in Ham' s F-12 medium su pplemented with 
10 % (v/v) newborn calf serum {NCS } was carried 
out at 37 °C for 45 min. The cartilage was 
further digested for 3-4 h in a fresh portion of 
0 . 2 % collagenase in culture medium supplemented 
with 10 % NCS, 50 µg/ml L- ascorbic acid , and 50 
µg/ml gentamycin. Cell viability was determined 
by trypan blue exclusign and wa s> 95%. The yield 
per rat was about 10 cells. Isolated chondro-
cytes were fractionated by centrifugation on a 
Percell step - gradient. Thre e fractions with 
diffe r ent properties were obtained : fraction I -
hypertrophic cells , fraction II - proliferative 
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cells and fraction III - mainly resting cells 
( Pawlowski et al. 1986, Wroblewski et al. 1987). 
Cell culture 
Cell fractions from rat rib growth plate 
were cultured directly on specimen holders for 
X- ray microanalysis placed in Petri dishes . 
Holders consisted of a carbon plate , with a 
central hole covered with a Formvar film (Wro -
blewski et al. 19~a,b). The cells were seeded at 
a density of 10 cells per carbon plate, by 
placing a droplet of the cell suspension on the 
film over the hole. The cells were then allowed 
to attach before more complete culture medium was 
added to the Petri dishes. 
Pre paration of cultured cells for X- ray micro-
anal y sis 
Chondrocytes cultured directly on the carbon 
specimen holders, were after incubation in 
complete culture medium rinsed with 0.3 M sucrose 
solution , pH 7.4, distilled water at 4°C for less 
than 10 sec. In our previous X- ray microanalyti -
cal study on chondrocytes derived from elastic 
cartilage , the best results (preserved ionic 
composition) were obtained with 0.3 M sucrose 
(Wroblewski et al . 1983b, Wroblewski and Roomans 
1984) . However, chondrocytes used in the present 
investigation, withstand a rinse with cold (4°c) 
distilled water for 3-5 sec . Excess rinsing 
solution was quickly removed with blotting paper. 
The specimen holders with the cells were then 
manually plunged into LN
2
. All specimens were 
routinely stored in LN
2 
before freeze - drying . 
Freeze - drying was performed in a desiccator 
placed in the chamber of a cryoul tramicroto me. 
After completed freeze-drying, the c ells were 
brought to room temperature, and coated with 
carbon layer. 
Preparation of semi-thick cryosections 
Cryosections, 2-6 µm thick, were cut longi-
tudinally in a c onventional cryostat at -20 to 
-30 °C. The sections were then transferred frozen 
to the same type of specimen holder as was used 
for culturing the cells. The sections were 
freeze - dried in the cryostat overnight, brought 
to room temperature and coated with carbon . Prior 
to analysis in the electron microscope, specimen 
holders with the sections were stored in a 
desiccator . Adjacent sections were mounted on 
glass slides and stained hist ochemically for 
light microscopy . 
Freeze - drying and low temperature vacuum em-
bedding 
Quickly dissected small pieces( < 1 mm
3
) of 
rat rib growth cartilage were frozen in liquid 
ethane in a Reichert KF80 freezing apparatus. The 
frozen specimens were processed according to the 
scheme in Fig 1 in the modified chamber of t he 
freeze - drier, described in deta i l i n a sepa r ate 
paper (Wroblewski et al. to be published). 
X- ra y microanal y sis 
Analysis was performed in the STEM mode at 
100 kV (semi - thick cryosections , cultured cells) 
or 120 kV (thin, dry - cut fre e ze - dried embe dd ed 
sections). For (semi - ) quantitat i ve analysis of 
the semi - thick cryosections and the cultured 
cells , the ratio of peak to background und e r t he 
peak (P/B) was taken (Wroblewski et al. 1983a) . 
Quantitative analysis of semi - thick cryosections 
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Specimens are transferred to the precooled 
(-140°C) chamber of the freeze-dryer 
Chamber of the freeze-dryer is evaporated 
. -3 
to a vacuum <10 Torr and specimen tempe-
rature kept at -1 20°c 
Specimens are freeze-dried for 12h at -120°c 
Specimen temperature is raised to -6 8°c 
and infiltration with precooled Lowicryl HM23 
resin is started 
Polymerization with indirect UV-light is 
started after 12h and carried out at -68°c 
and vacuum 10-l to l0- 2Torr for 24h 
Fig. 1. Preparation steps for freeze-drying and 
low temperature vacuum embedding in Lowicryl 
resin. 
was carried out with the help of standards 
c onsisting of a gelatin / glycerol matrix contain-
ing mineral salts in known concentrations. The 
s tandards were frozen, sectioned and analyzed in 
the same way as the specimen (Wroblewski et al. 
1983a). 
Semi-quantitative analysis o f thin sections 
of freeze-dried, embedded tissues was carried out 
by converting characteristic intensity ratios to 
c oncentration ratios {Roomans 1980). 
Transmission electron microscopy (TEM) and 
scanning electron microsco py ( SEM) of cultured 
chondrocytes 
For morphological studies, cultured and 
freshly isolated chondrocytes were after 
fractionation fixed in 3 % cacodylate-buffered 
glutaraldehyde, and postfixed in osmium tetroxi -
de, dehydrated in a graded ethanol series, en 
bloc stained with uranyl acetate and embedded in 
Polarbed 812. Ultrathin sections were cut on LKB 
Ultrotome and stained with lead citrate. 
The fractions of chondrocytes from rat rib 
growth plate, cultured on glass cover slips , were 
fixed in 3 % cacodylate - buffered glutaraldehyde, 
dehydrated in graded ethanol series, critical 
point dried, and coated with a conductive layer 





The morphology of the different cell frac -
tions was studied by SEM (Fig 2) and TEM (Fig 3). 
For TEM, freshly isolated, fractionated cells 
were preferred, while for SEM only cultured cells 
were used . 
The attaching cells in fraction I were 
considerably larger than the cells in the remain -
ing two fractions. They were polygonal and became 
flattened in culture ( Fig 2a). Also TEM showed 
that fraction I chondrocytes consisted mainly of 
large cells. In the cytoplasm of these cells 
numerous lipid droplets were present. The rough 
endoplasmic reticulum was often disrupted. The 
nuclei were frequently star - shaped . In some of 
the cells in fraction I, lysosomes and vesicles 
with electron dense material were found (Fig 3a) . 
In fraction II the majority of the cells 
were round and had centrally located protuberant 
nuclei ( Fig 2b). A few larger polygonal cells 
resembling those in fraction I could be found . 
Some of the cells were smaller , had flattened 
nuclei, and were polygonal or elongated. At 
higher magnification extracellular matrix sur-
rounding the cells could be observed . 
The cells in fraction III resembled the 
cells in fraction II (Fig 2c) but were generally 
s omewhat smaller, and rounded or polygonal. 
Microvilli were found on the cell surface. The 
cells were surrounded with abundant extracellular 
matrix. TEM showed round nuclei with extensive 
Golgi complexes in their proximity. Well-devel-
oped rough endoplasmic reticulum as well as 
mitochondria were present in most cells of this 
fraction (Fig 3b). 
Whereas fraction I and fraction III appeared 
relatively homogeneous, fraction II contained an 
admixture of cells with a predominance of proli-
ferating cells. 
Studies of DNA-synthesis (Wroblewski et al. 
1987) provided additional evidence that the 
cells in fraction I originate from the hyper-
trophic zone of the growth plate, and that 
fractions II and III contain mostly proliferating 
and resting zone chondrocytes. 
The relative concentrations of Na, Mg, P, s, 
Cl, K, and Ca in the cells of the three fractions 
are summarized in Table 1. These data indicate 
that fraction I cells are chondrocytes of the 
hypertrophic type. The K levels were low while 
the Ca concentration was elevated. In fraction 
III significantly higher K and P levels were 
detected. The largest variation in the concentra-
tions of analyzed elements was found in fraction 
II. Only a few cells in fraction II of polygonal 
shape had a similarly lowered K level as the 
cells in fraction I. 
The analytical data from the cultured cells 
differed between experiments, but showed con -
sistently the same tendencies. For fractions II 
and III the data are based on large numbers of 
cells , while in fraction I, only comparatively 
few cells were analyz ed. 
Analysis of gr owth plate s in semi - thick cr yo-
sections 
In general, the population of proliferative 
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Table 1 
Relative elemental concentrations 
chondrocytes from fractions I, 
I II 
Na 3.8±0.7 2.5±1.3* 
Mg 0.4±0.05 0.3±0.1 
p 3.0±0.5 3.1±0.6 
s 1.4±0.2 0.7±0.3* 
Cl 2.7±0.4 1.6±0.7* 
K 0.5±0.4 6.3±1.6* 
Ca 0.6±0.4 0.4±0 . 1* 
n (10) (20) 
of freeze-dried 







8. 8±1. 6* 
0 . 6±0.1 
(20) 
Data given in arbitrary units; mean and s tandard 
deviation ( n = number of cells); * denotes a 
significant difference (p < 0.05) between chon-
drocytes from fractions II or III and cells of 
fraction I. 
cells was heterogeneous. In the hypertrophic zone 
cells were large and displayed numerous cyto-
plasmic vacuoles. Electron dense areas, corres-
ponding to sites of primary mineralization, were 
present in the cartilage matrix of the lower part 
of the hypertrophic zone. X-ray microanalysis of 
cells and extracellular matrix revealed differen-
ces in concentrations of Na, P, S, Cl, K, and Ca 
in the different zones. In the cells of the 
pr o liferative zone the Na/K ratio was higher than 
in the resting or hypertrophic cel l s. Intracellu-
lar concentrations of S, Cl, K, and Ca increased 
t owards the zone of hypertrophy (Fig 4). In the 
cartilage matrix concentrations of Na, S, and K 
were considerably higher in the proliferative 
than in the resting zone. The highest levels of P 
and Ca were detected in the zone of hypertrophy 
(F i g 5). 
Thin sections of freeze-dried and low temperature 
vacuum embedded cartilage 
In the majority of sections chondrocytes 
from different zones of growth plate cartilage 
and their subcellular structure could be identi-
fied {Fig 6). Also, good morphological preserva-
tion of extracellular cartilage matrix was 
obtained {Fig 7). In general, ice crystal damage 
was negligible, except for the innermost parts of 
the specimens. 
It was, however, not possible to obtain 
fully quantitative data on thin sections of resin 
embedded cartilage. Large variations in the 
extraneous background, and in section thickness, 
and, in particular, extensive mass loss from the 
resin during analysis made the accuracy of 
quantitative analysis doubtful. Therefore only 
semi -quan titative data (elemental ratios) are 
presented ( Table 2) . Analysis of resin adjacent 
to the tissue did not give significant peaks for 
any ele men t. Therefore, no elements with atomic 
number higher than 10 were present in pure 
Lowicryl-HM23 -resin in levels exceeding the 
detection limit of energy-dispersive X-ray 
microanalysis. In addition, it can be concluded 
that no ions had leaked from the cartilage into 
the resin. Very low concentrations of Cl were 
detected in the thin sections of freeze - dried and 
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Table 2 
Elemental ratios in chondrocyte and cartilage 
compartments determined on sections of 
freeze-dried low - temperature embedded tissue 
Nal'.'.K Pl'.'.S Cal'.'.K Cal'.'.P 
resting cells 
nucleus 2.12 7.4 0.05 0.03 
cytoplasm 1.85 7.5 0.05 0,03 
matrix 2.52 0.13 0.12 0.80 
eroliferative cells 
nucleus 0.32 4 . 7 0.01 0.02 
cytoplasm ( 1) 0 . 30 5.9 0.03 0.03 
cytoplasm ( 2) 7.25 1.8 0.58 0.07 
mitochondria 0.37 4.7 0 . 02 0 . 02 
matrix granules 1. 37 1.13 0.05 0.07 
matrix 6.4 0 . 02 0.2 5 3.82 
bt,eertroehic cells 
nu c leus 0.38 5.5 0.0 3 0.05 
cytoplasm 1. 60 4.1 0 . 07 0.05 
matrix granules 4.7 0.14 0.07 0 .1 9 
matrix 6.6 0.06 0.46 1. 34 
Data represent mean values of 3-5 measurements 
for each analyzed structure. In the proliferative 
c ells, two populations c ould be distinguished, 
one with l ow cytoplasmic Na/K and one with high 
Na/K values. Data for the s e populations are given 
separately. 
Lowicryl-HM23 embedded c ar t ilage. It i s possible 
that Cl, whi c h is the most volatile o f the 
elements analyzed, was lost due to radiation 
damage during X-ray microanalysis . No evidence 
for other loss o r translocation of elements could 
be found. 
The data of Table 2 s how that in some of the 
proliferative cells, both the nucleus and the 
c ytoplasm show a low Na/K ratio, whereas in other 
proliferative cells this ratio exceeds 1. 0. In 
the nucleus and cytoplasm, as well p.S in the 
mitochondria, Ca levels are low in all cell 
types; however, occasionally mitochondria with 
electron dense inclusions showing a marked 
calcium peak can be observed. In the c ells the 
P/S ratio is usually much larger than 1, but in 
the matrix P levels are only a few percent of S 
levels. The Na/K ratio in the matrix is higher 
than in nucleus and cytoplasm. Intracellular 
matrix granules display relatively high levels of 
Na, Kand S (Wroblewski 1987). 
Discussion 
The morphology and elemental composition of 
cells isolated from different zones of the growth 
plate were studied in both SEM and TEM. Cells in 
fraction I were mainly hypertrophic chondrocytes , 
and only a portion of these cells survive and 
proliferate in culture. Similar observations have 
earlier been reported by Reinholt et al. ( 1984). 
This selective loss of cells within that popula-
tion is due to decreased ability of fully diff e-
rentiated and degenerating cells that have low 
synthetic activity to survive in vitro . The 
X-ray Microanalysis of Cartilage 
Fig. 2. Scanning electron micrographs of cultured 
chondrocytes (a) from fraction I, (b) fraction 
II, and (c) fraction III. 
characteristic elemental concentrations of the 
cells in fraction I, with slightly increased Na 
and Cl, and lowered K, may reflect an impairment 
of the Na/K pump with resulting changes in the 
permeability of the cellular membrane. Hyper-
trophic chondrocytes seem to be incapable of 
maintaining their membrane potential, which leads 
to the loss of intracellular K. The cells in 
fraction III represent chondrocytes from the 
upper part of the growth plate with high proli -
ferative capacity. The increase in P concen-
tration in fraction III reflects the increased 
level of nucleic acids in these cells, e . g ., 
abundant rough endoplasmic reticulum. The eleva -
ted K concentration is characteristic of highly 
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Fig. 3. Transmission electron micrographs of 
isolated cell fractions from 5 week old male 
rats: (a) Fraction I, (b) Fraction II. 
mitotic cells. A similarly increased K concentra-
tion has been previously found in the intermedi-
ate cells of the human oral squamous epithelium, 
where the majority of mitotic cells is present 
( Wroblewski et al. 1983c) . In general, rapidly 
proliferating, non-tumor cells appear to have 
elevated P and K concentrations (Cameron and 
Smith 1980, Grundin et al. 1985). 
The data obtained by analysis of chondrocyte 
fractions I and III are, however, not comparable 
to the data on hypertrophic and proliferative 
cells, respectively, analyzed in situ. The Na/K 
ratio in fraction I (hypertrophic cells) is much 
higher than in hypertrophic cells in situ. This 
may mean that hypertrophic cells do not perform 
as well in culture as in situ. The reverse 
appears true for the proliferative cells ( frac -
tion III). Better supply of these cells in 
culture with oxygen and nutrients compared to the 
situation in vivo, where oxygen and nourishment 
have to diffuse over considerable distances, may 
be responsible for the very low Na/K ratio in the 
cultured cells. The extent to which the elemental 
composition of isolated cells is representative 
for the in situ situation has been discussed by 
Warley etai"-:-{1985) and Kendall et al. (1986), 









Na p s Cl K Ca 
Fig . 4. Elemental composition of chondrocytes in 
rat rib growth cartilage : (a) cells from the 
resting zone, (b) cells from the proliferative 
zone, (c) hypertrophic cells. Standard deviations 
are indicated by thin bars; b denotes a signifi-
can t difference (p < 0 . 05) between (b) o r (c) and 
(a). 
who have pointed to changes that the cells can 
undergo as a result of various steps in the 
isolation procedure. Warley et al. ( 1985) and 
Kendall et al. (1986) showed that the elemental 
co mposition of isolated thymocytes could differ 
markedly from that of thymocytes in situ , despite 
the fact that the isolation procedure for thymo-
cytes is not particularly drastic. 
Since the design of the present study is 
comparable to that of the work of Appleton (1987) 
and Hargest et al. (1985a), it would be of inter -
est to compare the data of these three studies at 
least in a semi -quant itative way. 
Hargest et al. ( 1985a) give data for pro-
liferative and (early) hypertrophic cells and 
matrix. Typical for their data are high Na/K 
ratios in the cytoplasm (Na/K > 5) and cytoplas -
mic P/S ratios of about 2. The Na/K ratio of the 
matrix was so mewhat lower than that of the 
corres pond ing cell types (proliferative: Na/K > 
4, hypertrop h ic Na/K > 2). In the matrix , P 
levels are only a fraction of S levels . Ca is low 
in the matrix (Ca/K around 0.1) and cytoplasm 
(Ca/P = 0.04) , but high in the mitochondria (Ca/P 
around 1). Mg is low in cells and matrix. 
Appleton (1987) provides data for hyper -
trophic and early hypertrophic cells. In that 
study the Na/K ratio in the cytoplasm is lower 
(Na/K =1.6) than in the corr esponding matrix 
(Na /K = 2 . 8) . The cytoplasmic P/S ratio is about 












Na p s Cl K Ca 
Fig. 5 . Elemental composition of matrix in rat 
rib growth plate: (a) resting zone, (b) prolif -
erative zone , (c) hypertrophic zone . Standard 
deviations are indicated by thin bars; b denotes 
a significant difference between matrix and 
cho ndrocytes of corresponding zones. 
pronounced difference than Hargest et al . (1985a ) 
found. Ca is high in matrix ( Ca/K around 1. 5) , 
c ytoplasm (Ca/K > 1), and mitochondria (Ca/K 
around 3 , ca/P 0.7-1.5). 
Our data on the matrix, obtained on semi -
thick sections show low P/S ratios (P/S around 
0 . 1) , low Ca levels (Ca/K around 0.15) and low Mg 
levels ( data not shown). These findings are in 
accordance with the data of Hargest et al. 
(1985a) but differ from those of Appleton (1987). 
However, in the analysis of the matrix, areas of 
calcification were avoided (analysis of thin 
sections showed that in these areas high Ca and P 
concentrations can be found ). Apparently, also 
Hargest et al . (1985a) avoided ca l cifying matrix. 
In our analysis on thin sections of freeze -
dried material, we obtain data for cytoplasmic 
Na/K ratios that resemble more those of Appleton 
(.1987) than those of Hargest et al. ( 1985a ). On 
the other hand, cytoplasmic , nuclear and mito-
chondrial calcium levels are low, in accordance 
with the findings of Hargest et al. (1985a) but 
contrary to Appleton ' s (1987) data. In the 
chon dro cyte nuclei , a high P/S ratio (low S 
levels) was found , which co ntradicts the findings 
of Mitchell and Sheppard (1984). 
The cartilage matrix produced by the chon -
drocytes binds already intracellularly hig h 
concent rat ions of Na and K, and retains this 
property upon secretion . The high Na concen -
tration contributes to the overall high Na 
concentration in chondrocytes analyzed at low 
resolution in situ . The high K levels in the 
matrix substance causes the elemental composit ion 
of the extracellular matrix to differ markedly 
from that of other extracellular compartmen t s 
that have an ionic composition close to that of 
X-ray Microanalysis of Cartilage 
Fig. 6. Transmission electron micrograph of 
freeze-dried Lowicryl -emb edded cartilage (pro-
liferative cell). N = nucleus, E = endoplasmic 
reticulum, M = mitochondrion, MA = matrix. 
Fig. 7. Transmission electron micrograph of 
freeze-dried Lowicryl-embedded cartilage : extra-
c ellular matrix. The micrograph shows the good 
preservation of the tissue and the absence of 
major freezing damage. 
ser um. The ionic composition of cartilage matrix 
may be the result of passive binding of Na and K 
to the proteoglycans. This binding appears, 
however , not sufficiently strong to withstand 
aqueous preparation procedures for X-ray micro-
analysis (Barckhaus et al. 1985). The high K 
conc entration in extracellular matrix was already 
pointed out by Boyde and Shapiro ( 1980) and it 
appears not impossible that the K-rich membrane -
associated structures found by Barckhaus et al. 
(1985) contain cartilage matrix, since their 
spectrum also shows peaks for Sand Na. In avian 
tibial dyschondroplasia , Hargest et al. ( 1985b) 
noted a concurrent decrease of S and K in the 
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matrix of the growth plate, which is a further 
indication of the association of K with proteo -
glycans. 
According to the data obtained on semi-thick 
cryosections , the Na concentration in the proli-
ferative cells was more than twice that in 
resting cells. The data obtained on thin sections 
suggest that this may be due to an increase in 
the cytoplasmic Na concentration in a subpopula -
tion of the proliferative cells. Increased 
cellular Na concentr ati ons could, in part, be 
related to higher mitotic and synthetic activity 
in proliferative cells. Since, according to Fig 
4, the overall K concentration remains constant, 
it could be speculated that the increase in 
cytop\asrri.ic Na levels would be due to activation 
of Na -H excha nge+ ra_}her than to a decreased 
activity of the Na - K exchange. The resulting 
efflux of H + may cause an alkalinization of the 
cytoplasm. An increase in the cytoplasmic pH has 
been shown in other cell types to play an impor-
tant role in the onset of DNA-synthesis and 
su bsequent mitosis (Moolenaar 1986). The higher 
cytoplasmic Na concentrations in hypertrophic 
cells are, however, probably related to the 
increased levels of secretory proteins in these 
cells, since these sulfur-rich proteins bind 
cations. 
The marked differences in elemental compo -
sition between proteoglycan-containing compart-
ments and other compartments, e.g., the nucleus , 
make t he interpretation of low-resolution analy -
sis at the cellular level difficult. The cellular 
Na content is markedly dependent on t he amount of 
proteoglycans present in the cell at any one 
time. High resolution analysis on thin sections 
therefore appears the most promising way of 
obtaining physiologically relevant results. In 
addition , it appears important that the prepa-
rative technique provides good morphology , so 
that accidental misidentification of cellular 
structures is minimized. Evidently, further 
investigations will be needed before a definitive 
picture of elemental distribution in chondrocytes 
and cartilage can be obtained. 
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Discussion with Reviewers 
J. Appleton: Have the authors used other methods 
of cryoquenching since the optimum rate of 
cooling and hence minimum ice crystal damage and 
elemental translocation is not achieved by 
quenching tissue directly in liquid nitrogen or 
liquid nitrogen cooled ethane (Elder et al. 
1982)? 
Authors: We have tried several methods of 
cryofixation and achieved comparable results with 
liquid nitrogen {LN2 ) cooled propane, ethane or 
X-ray Microana l ysis of Cartilage 
freons. For analys is at the cellular level (semi-
thick cryosections, cut at - 30 °c) the same 
elemental ratios were obtained for tissues frozen 
in LN
2
- cooled freon as for tissues frozen direct-
ly in LN
2
. The cultured chondrocytes are very 
thin and therefore can be cryofixed without 
detectable ice crystal damage in LN
2 
alone. 
J. Appleton: Do you have an explanation for the 
fact that hypertrophic chondrocytes in situ fixed 
in glutaraldehyde have numerous long processes 
whereas the isolated similarly treated cells are 
rounded? 
Authors: The hypertrophic cell in Fig 3a was 
glutaraldehyde-f ixed directly after enzymatic 
isolation; this would explain its different 
morphology. The cultured hypertrophi c cells from 
fraction I {Fig 2a) do have numerous processes 
and are very flat. 
L. Edelmann: According to own experience {Scan-
ning Electron Microscopy 19 86; IV, 1337-1 356 ) drying 
of even small samples of biological material is 
not completed after freeze-drying at -80 °c. Is 
it conceivable that the specimen temperature was 
higher than -80 °c during freeze-drying or do you 
have very minute samples? Do you observe shrink-
age artifacts after freeze-drying and embedding? 
Authors: The size of the samples is in fact very 
small. As stated in Fig 1, the specimen tempe -
rature was slo wly raised to -68 °c before infilt-
ration with Lowicryl resin was started. It can 
not be excluded that during this step co mpletion 
of freeze-drying occurs. Shrinkage of the speci-
mens can take place when the specimen is poorly 
cryofixed . 
L. Edelmann: Do you have any problems w.i.th 
infilt rat ion of cartilage at -68 °c with HM23 and 
s ubsequent UV polymerization? 
Authors: UV polymerization (but not infiltra-
tion ) may be incomplete in larger samples con-
sisting of partly mineralized material. 
L. Edelmann: Hunziker and Herrmann ( J. H.i.sto-
chem . Cytochem. 35 647-655, 1978) have sho wn 
co nsiderable differences in the morphology of 
freeze-substituted and low temperature embedde d 
chon drocytes compared to that of conventionally 
prepared cho ndrocytes which appear shrunken. Did 
you find similar differences between convention-
ally prepared and freeze-dried and embedded 
chon drocytes? 
Authors: The morphology of freeze-substituted or 
freeze-dried unfixed cartilage which has been 
embedded in Lowicryl at low temperature is very 
similar and differs from the conventionally 
prepared cartilage , in which apart from shrinkage 
of the cells, extracellular cartilage matrix is 
poorly preserved. 
M. Kendall: Do the cartilage cells in cul ture 
produce collagen , and if so what type is it? If 
not, then surely you wouldn't expect the cells to 
have the same ionic composition as the in vivo 
cells? 
Authors : In our culture system chondrocytes 
produce both collagen type II and proteoglycans. 
1111 
However, the culture conditions and the composi-
tion of the medium are not comparable with the in 
situ situat ion, which may explain the differences 
in the io nic composition of cells in vivo and in 
vitro. 
R.M. Leach and C . V. Gay: There is a vast discre -
pancy between the appearance of cells from 
fraction I. In Fig 2a the cell looks like a 
fibroblast, while in Fig 3a the cell is severely 
degenerated with possible processing damage. 
Could it be that only fibroblasts .i.n fraction I 
adhered to the culture surface while the hyper-
trophic chond rocytes were not able to attach? 
Authors: The cultured cells from fraction I (Fig 
2a) are larger and more polygonal than f ibro -
blasts. These cells have been characterized 
biochemically and morphologically and are hyper -
trophic chondrocy tes (Pawlowski et al. 1986). 
M. Kendall: Couldn't the relatively high cutting 
tem perature that the authors use affect Na and K 
values? 
Authors: With regard to cryostat sectioning of 
cartilage at -30 °c, these specimens are only 
used for a nalysi s at the cell level. At low 
resolution , sectioning temperature is much less 
criti cal than at high resolution. 
R.M. Leach and C.V. Gay: Couldn't mass loss have 
been minimized by using a cold stage? 
Authors: Yes, but mass loss has the advantage 
that the ultrastructure of the specimen is better 
visualized. 
Additional Reference 
Elder HY, Gray CC, Jardine AG, Chapman JN, 
Biddlecombe WH (1982) Optimum conditions for 
cryoquenching of small tissue blocks in liquid 
cool ants. J Microsc 126: 45-62. 
